l g e k e e l p e r m i t t h e t e s t i n g o f a l a r g e number o f c a n d i d a t e a n t i -
INTRODUCTION
Under t h e Navy Shipboard Energy Program progress has been made i n t h e s e r v i c e e v a l u a t i o n o f a n t i f o u l i n g (AF) paints1. Improved methods employed i n t h e e v a l u a t i o n of AF p a i n t s r e f l e c t the development of new p e r s p e c t i v e s i n t h e f o r m u l a t i o n o f t h e s e p a i n t s . S e v e r a l e v e n t s t h a t h i g h l i g h t c h a n g e s i n t h e d e v e l o p m e n t o f AF p a i n t s may be noted as follows:
Green Layer
The p r e m a t u r e f a i l u r e o f t h e N a v y ' s s t a n d a r d copper/vinyl AF p a i n t (F-121) was found to be d u e t o a t h i n l a y e r o f i n s o l u b l e g r e e n c o p p e r compounds t h a t formed on t h e s u r f a c e o f t h e AF p a i n t r e n d e r i n g i t nontoxic and s u s c e p t i b l e t o f o u l i n g 2 .
Work underway a t DTNSRDC i s d i r e c t e d towards formulating a cuprous oxide AF p a i n t t h a t would n o t f o r m a n o b s t r u c t i n g c o p p e r p r e c i p i t a t e on i t s s u r f a c e .
Controlled Release Coatings
The o l d e r AF p a i n t s w e r e e s s e n t i a l l y a physical m i x t u r e o f t h e t o x i c a n t and polymer matrix.
A more elegant development of AF f o r m u l a t i o n was t h e m o l e c u l a r a t t a c h m e n t o f t h e t o x i c i a n t t o t h e polymer f o r c o n t r o l l e d r e l e a s e .
A b l a t i v e Mechanlsm
A n o t a b l e a d v a n c e i n AF p a i n t f o r m u l a t i o n was a d u a l a p p r o a c h t o t o x i c a n t release b y t h e u s e o f t h e a b l a t i v e mechanism i n c o n j u n c t
i o n w i t h a p p r o p r i a t e c o n t r o l l e d release t o x i c compounds.
A Broad Spectrum Toxic C o n s i d e r a b l e e f f o r t i n t h e past h a s b e e n d i r e c t e d t o w a r d s t h e s e a r c h f o r a t o x i c l e t h a l t o a broad spectrum of fouling organisms3.
In r e c e n t y e a r s t h e r e h a s b e e n a n i n c r e a s i n g c o n c e r n that s u c h t o x i c a n t s may b e h a r m f u l t o n o n -t a r g e t o r g a n i s m s i n t h e a q u a t i c b i o s p h e r e .
2.
TEST SHIPS
The u s e o f s h i p s t o e v a l u a t e t h e p e r f o r m a n c e o f 
S t r i p e Test
Candidate AF p a i n t s are a p p l i e d as s t r i p e s t o s e l e c t e d Navy s u r f a c e s h i p s as shown by a t y p i c a l p a i n t l a y o u t p l a n i n F i g u r e 1. Each AF p a i n t i n c l u d e s a s t e n c i l e d area as shown in
Figures 2 and 3. W i t h i n t h i s a r e a s u r f a c e changes are documented by underwater close-up photography and roughness measurements taken in drydock and underwater.
Bilge Keel Panels T e s t p a n e l s s e c u r e d t o t h r e a d e d s t u d s b u t t welded t o t h e o u t b o a r d s i d e o f t h e b i l g e k e e l are u s e d t o e v a l u a t e a n t i f o u l i n g p e r f o r m a n c e u n d e r s h i p o p e r a t i n g c o n d i t i o n s . Each panel a s s e m b l y , c o a t e d o n b o t h s i d e s w i t h a n t i f o u l i n g p a i n t i s 10 by 1 2 by 118 i n c h e s w i t h f o u r c o r n e r h o l e s t o s e c u r e t h e p a n e l t o f o u r s t u d s w i t h conventional lock nuts and washers. A1/4-inch t h i c k w a f e r o f z i n c w i t h a c e n t r a l steel cored h o l e i s f i t t e d as a s p a c e r t o e a c h s t u d i n m e t a l t o metal c o n t a c t w i t h t h e u n d e r s i d e o f t h e test p a n e l t o p r o v i d e c a t h o d i c p r o t e c t i o n o f the mountinp hardware and insure proper e l e c t r i c a l g r o u n d i n g of t h e p a n e l s t o t h e h u l l , which i s a l s o u n d e r c a t h o d i c p r o t e c t i o n . Figure 4 shows an a r r a y o f p a n e l s on t h e b i l g e keel of a test s h i p . 
ANTIFOULING TEST PAINTS
A number of candidate AF p a i n t s a p p l i e d as t e s t s t r i p e s t o s h i p h u l l s o r a s t e s t p a n e l s on b i l g e k e e l s are being evaluated. These AF p a i n t s c a n g e n e r a l l y b e c h a r a c t e r i z e d by t h e manner of t o x i c r e l e a s e and how t h e t o x i c i s i n c o r p o r a t e d w i t h i n t h e p a i n t f i l m .
Leaching
The f i r s t s u c c e s s f u l a n t i f o u l i n g p a i n t s formul a t e d by t h e Navy and s t i l l i n u s e r e l y on t h e l e a c h i n g mechanism f o r r e l e a s e o f t h e t o x i c cuprous oxide5.
The cuprous oxide was p h y s i c a l l y d i s p e r s e d w i t h i n t h e p a i n t f i l m .
'Ihe rate of t o x i c release was e x c e s s i v e l y h i g h a t t h e be- The t o x i c bound t o t h e polymer m a t r i x m i g r a t e s from w i t h i n t h e f i l m t o t h e s u r f a c e , w h e r e i t h y d r o l y z e s t o provide long term protection with minimal change i n p a i n t f i l m t h i c k n e s s and e x p e n d i t u r e o f t h e t o x i c .
A b l a t i v e The t o x i c of a n a b l a t i v e p a i n t i s chemically a t t a c h e d t o t h e polymer backbone of the paint m a t r i x . S u s t a i n e d a n t i f o u l i n g c a p a b i l i t y i s achieved by the combination surface erosion by w a t e r f l o w t o e x p o s e f r e s h t o x i c and i t s subs e q u e n t h y d r o l i z a t i o n . A b l a t i v e p a i n t s h a v e p o t e n t i a l l y two d e s i r a b l e c h a r a c t e r i s t i c s : o n e i s t h a t t h e s u r f a c e r o u g h n e s s i s c o n t r o l l e d by hydrodynamic e r o s i o n and t h e s l o u g h i n g a c t i o n may a s s i s t i n r e m o v a l o f t o x i c r e s i s t a n t s u r f a c e
macrofouling attachments.
PHOTOGRAPHIC DOCUMENTATION C l o s e -u p c o l o r s l i d e s o r p h o t o g r a p h s c a n q u i c k l y r e c o r d t h e c o n d i t i o n o f t h e v a r i o u s s t e n c i l e d a r e a s of t h e p a i n t s t r i p e s o n a s h i p h u l l o r t h e test panel secured t o t h e b i l g e k e e l . A composite of the slides can reasonsably repres e n t t h e e n t i r e s t e n c i l e d a r e a and t h e f o u l i n g a s i t o c c u r s f r o m t h e b o o t t o p t o t h e k e e l .
A o r a close-up of a s e l e c t e d a r e a on t h e p a n e l . .. c o m p o s i t e o f t h e s t e n c i l e d a r e a o f a n AF p a i n t s t r i p e a f t e r e i g h t months of service.
Figure 5 -Navy OMP AF p a i n t F i g u r e 6 -Commercial T r i b u t y l t i n A b l a t i v e AF P a i n t F i g u r e 7 -Commercial Copper/Cuprous Oxide
Ablative AF P a i n t ( w i t h s l i m i c i d e a d d i t i v e s ) .
Normal B i l g e Keel Panel Photos
Figure 8 p r e s e n t s two commercial a b l a t i v e AF p a i n t s e a c h r e p r e s e n t e d by a set o f t h r e e panels.
The AF paint of one set c o n t a i n s a copper compound w i t h a n t i s l i m e a d d i t i v e s w h i l e t h e AF p a i n t i n t h e s e c o n d set c o n t a i n s t r i -t i n compounds as t h e t o x i c component.
Close-up Bilge Keel Panel Photos Figure 9 provides a close-up view of a represent a t i v e s e c t i o n o f t h r e e b i l g e k e e l test panels. Each panel i s coated with one of three AF p a i n t s ; a s t a n d a r d Navy c o p p e r / v i n y l p a i n t , a Navy OMP p a i n t a n d a c o m m e r c i a l o r g a n o t i n l c o p p e r a b l a t i v e AF p a i n t .
ROUGHNESS
The m a n u a l l y o p e r a t e d B r i t i s h M a r i t i m e Technol o g y (BMT) h u l l r o u g h n e s s a n a l y z e r (HRA) was used t o measure the roughness of antifouling p a i n t s w h i l e i n -s e r v i c e .
This instrument provides a s t r i n g o f maximum p e a k t o v a l l e y h e i g h t r e a d i n g s r e f l e c t i n g h u l l r o u g h n e s s , p a r a m e t e r s t h a t are crucial to hydrodynamic drag7,8.
Each v a l u e r e p r e s e n t s t h e v e r t i c a l d i s t a n c e from the highest peak to the lowest valley over each increment of two i n c h t r a v e l of t h e s t y l u s o v e r t h e s u r f a c e .
The measuring head i s comprised of a s t y l u s s u p p o r t e d by a t r o l l e y as shown i n F i g u r e 10. It i s manually r o l l e d i n a forward and a f t d i r e c t i o n o v e r t h e s t e n c i l e d area a t e a c h three f o o t v e r t i c a l l e v e l a s i l l u s t r a t e d i n F i g u r e s 2 and 3. A t l e a s t 30 peak t o v a l l e y d a t a p o i n t s are provided p e r h o r i z o n t a l p a s s . r e p r e s e n t t h e r o u g h n e s s d a t a t h a t c a n b e t a b ul a t e d f o r a g i v e n s t e n c i l e d area of an AP p a i n t .
The f i r s t p a r a m e t e r is t h e mode ( v a l u e o c c u r r i n g most f r e q u e n t l y ) f o r a l l t h e r o u g h n e s s d a t a comp l i e d f o r a g i v e n s t e n c i l e d area. The second parameter i s t h e m e d i a n ( t h e m i d d l e v a l u e ) f o r a l l t h e d a t a up t o a cut-off of 500 microns. Using this same c u t o f f t h e t h i r d and f o u r t h parameters are t h e p e r c e n t f r e q u e n c y o f d a t a p o i n t s c a l c u l a t e d f o r t h e mode and median. The f i f t h parameter 1s t h e p e r c e n t h u l l r o u g h n e s s a t t r i b u t a b l e t o t h e h u l l p r i m a r i l y i n d e p e n d e n t of t h e p a i n t and considers a l l t h e d a t a a b o v e 500 microns.
The a u t h o r r e c o g n i z e s t h a t a t t h e c u toff of 500 microns, the roughness changes in the AF p a i n t o v e r l a p w i t h t h e d e f e c t s that d e v e l o p i n time w i t h t h e AF p a i n t . The h i s t o g r a m s i n F i g u r e s 11 and 12 show baseline roughness and roughness a f t e r e i g h t m o n t h s o f s e r v i c e r e s p e c t i v e l y .
Histogram Analysis Figure  6 . Composite of Commercial T r i b u t y l t i n The l a r g e number o f d a t a p o i n t s are g r a p h i c a l l y A b l a t i v e A n t i f o u l i n g P a i n t
. RESULTS

The selection of photographic documentation and r o u g h n e s s h i s t o g r a m s a r e p a r t o f a n e x t e n s i v e compilation of information on record a t the Center T h e i r p r e s e n t a t i o n i n t h i s p a p e r i s i n t e n d e d t o
show g e n e r a l t r e n d s i n AF p a i n t e v a l u a t i o n and development.
The two longest performing AF p a i n t s t h a t h a v e p r e v e n t e d c a l c a r e o u s f o u l i n g on Navy s u r f a c e s h i p s a r e t h e Navy OMP AF p a i n t and a commercial t r i b u t y l t i n / c u p r o u s o x i d e a b l a t i v e AF p a i n t .
Figures 5, 6 and 7 show t h a t a f t e r 8 months of s e r v i c e t h e n o n -a b l a t i v e OMP p a i n t i s beginning t o f o u l w i t h slime and a l g a e from t h e b o o t t o p t o t h e t w e l v e f o o t l e v e l w h i l e t h e two commercial c o p p e r a b l a t i v e AF p a i n t w i t h s l i m i c i d e
and t h e t r i -t i n / c u p r o u s a b l a t i v e AF p a i n t a p p e a r t o b e f r e e o f a n y v i s i b l e f o u l i n g . -F i g u r e 7.
Composite of Commercial CopperjCuprous Oxide A b l a t i v e A n t i f o u l i n g P a i n t F i g u r e 8 shows c o m p a r a b l e p a i n t s a f t e r 27 months o f s e r v i c e on b i l g e k e e l t e s t p a n e l s .
The ablat i v e p a i n t a p p e a r s t o b e e q u a l l y e f f e c t i v e i n b o t h t h e c o p p e r ( s l i m i c i d e )
and t r i -t i n / c u p r o u s oxide formulations.
Copper ( S l i m i c i d e )
R i Tin Cuprous Oxide 
t y p i c a l l y shows t h e improved performance o f t h e c o m m e r c i a l a b l a t i v e t r i -t i n / c u p r o u s o x i d e AF p a i n t o v e r t h e
non a b l a t i v e Navy OHP and c o p p e r / v i n y l (F-121) AF p a i n t on b i l g e k e e l t e s t p a n e l s a f t e r 42 months of service.
Figures 11 and 12 show two histograms of a commercial c o p p e r a b l a t i v e ( s l i m i c i d e )
AF p a i n t which i s a l s o r e p r e s e n t e d as a composite i n Figure   7 . Figure 11 d e p i c t s t h e b a s e l i n e r o u g h n e s s which shows t h e t y p i c a l p o s i t i v e s k e w n e s s o f a newly a p p l i e d AF paint. Figure 12 shows an inc r e a s e i n p o s i t i v e s k e w n e s s i n d i c a t i n g t h a t t h e AF p a i n t i s becoming less rough and i s a b l a t i n g . T h i s i n c r e a s e i n p o s i t i v e s k e w n e s s c a n a l s o b e shown by t h e q u a n t i t a t i v e c h a n g e s i n t h e f i r s t four parameters. Generally a d e c r e a s e i n roughn e s s w i l l be i n d i c a t e d b y a d e c r e a s e i n t h e mode and median accompanied by no change o r by an i n c r e a s e i n t h e i r r e s p e c t i v e p e r c e n t f r e q u e n c y . Although small d i f f e r e n c e s i n AF paint roughness can be measured i t i s n o t y e t known what a f f e c t each increment of hull roughness may have on s h i p drag a t d i f f e r e n t s h i p s p e e d s .
The common presumption i n AF paint development and evaluation i s t h a t t h e c o a t i n g s t h a t become smoother ins e r v i c e and s t i l l p r e v e n t v i s i b l e f o u l i n g fOK t h e l o n g e s t t e r m w i l l d e m o n s t r a t e t h e p r e f e r r e d a b l at i v e c h a r a c t e r i s t i c s . OTHER CONSIDERATIONS 9. REFmNCES S h i p b o a r d e v a l u a t i o n s e n a b l e t h e s e l e c t i o n of t h e AP p a i n t s on the basis of long term performance. However, t h e r e a r e t h r e e o t h e r c h a r a c t e ri s t i c s t h a t w i l l a l s o p l a y a r o l l i n t h e u l t i m a t e s e l e c t i o n a s f o l l o w s : V e r i f a b l e Q u a l i t y C o n t r o l
The new technology AF p a i n t s a r e more complex in c h e m i c a l s t r u c t u r e .
Chemical a n a l y s i s t e c h n i q u e s f o r p a i n t s a r e b e i n g d e v e l o p e d and adopted by t h e C e n t e r .
With t h e a p p l i c a t i o n o f t h e s e a n a l y t i c a l t e c h n i q u e s , t h e c r i t i c a l i n t e r n a l components of AF f o r m u l a t i o n c a n b e i d e n t i f i e d t o e s t a b l i s h c r i t e r i a f o r a s s u r i n g r e p r o d u c i b i l i t y o f m a n u f a c t u r e and the maintena n c e o f p r o p e r q u a l i t y c o n t r o l i n p r o c u r e m e n t .
L i f e C y c l e c o s t s
The i n c r e a s e i n t h e c o s t o f AF p a i n t s a s r e f l e ct e d by t h e i r d e g r e e o f t o x i c i t y i s governed by: t h e e x t e n t o f p r o t e c t i v e g e a r and p r e c a u t i o n s taken by personnel i n i t s p r e p a r a t i o n and a p p l i c a t i o n ; t h e d i s r u p t i o n o f s c h e d u l i n g o f o t h e r work during drydock hull maintenance and r e p a i r ; and f i n a l l y t h e p r o c e d u r e s u s e d t o remove and d i s p o s e o f t h e h u l l c o a t i n g .
Environmental Impact
The environmental impact issue i s u n r e s o l v e d a t t h i s time.
The d e m o n s t r a t e d e f f e c t i v e n e s s o f t h e a b l a t i v e mechanism d o e s i n c r e a s e t h e l i k e l ihood t h a t t o x i c i c a n t s c a n b e f o u n d t h a t a r e more benign t o t h e e n v i r o n m e n t b u t t a r g e t e d s p e c i f i c a l l y t o c a l c a r e o u s f o u l i n g g .
SUMMARY AND CONCLUSIONS
o Shipboard evaluations of AF p a i n t s e n a b l e t h e r e l i a b l e d e t e r m i n a t i o n of AF p a i n t f o u l i n g r e s i s t a n c e and film performance. o The u s e o f b i l g e k e e l test panels provides a r e a l i s t i c a p p r o a c h f o r t h e e v a l u a t i o n and development of ablative AF p a i n t s f o r l o n g t e r m s e r v i c e .
o 'Ihe roughness of a n a b l a t i v e p a i n t c a n b e monitored and measured while the ship remains in-service.
o Although OMP AF paint can achieve long term s e r v i c e c a p a b i l i t y by s o l e r e l i a n c e on i t s t o x i c component, a b l a t i v e AF c o a t i n g s c a n pot e n t i a l l y i m p r o v e s e r v i c e l i f e and s u r f a c e r o u g h n e s s c h a r a c t e r i s t i c s .
o Use o f t h e a b l a t i v e mechanism i n combinat i o n w i t h less t o x i c b i o c i d e s shows p r o m i s e f o r the development of eminently acceptable long term AF p a i n t s and should be explored vigorously.
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